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The yeast Saccharomyces cerevisiae is a major chemical production platform in 
the biotechnological industry. It is also increasingly being used as a whole cell biosensor. 
One method of developing such whole cell biosensors in yeast is by exploiting its mating 
pathway, which is normally induced by secreted pheromones leading to downstream 
expression of various genes. Functional expression of different recognition elements or 
receptors and their coupling to the yeast mating pathway can enable sensing of a variety 
of ligands. In this work, we have engineered a yeast strain to functionally express a 
heterologous human olfactory receptor gene which can be coupled to the pheromone 
signaling pathway, allowing yeast to detect medium chain length fatty acids, alcohols and 
aldehydes for the first time. 
Functionally expressing heterologous olfactory receptors in yeast is a challenging 
task because no definitive method exists on how to express such receptors on the yeast 
cell surface and couple them to the downstream signaling pathway. We explore in this 
work how the yeast cell can selectively respond to two activating ligands via two 
different receptors.  We also demonstrate in this work that a synthetic transcription factor 
can substitute for the native transcription factor in the yeast mating pathway. We believe 
our biosensor will not only have various uses as a versatile sensor but also aid in the 






A biosensor is defined as “A device that uses specific biochemical reactions 
mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to 
detect chemical compounds, usually by electrical, thermal or optical signals”1. A 
biosensor is thus a measurement device or system which uses a biological component as 
the recognition element. This recognition element of a biosensor can be whole cells, 
antibodies, or immobilized enzymes among others2,3. On activation by target analytes, 
biological events are converted into quantifiable electrical, optical, thermal other signals 
in proportion to the target concentration via a reporter system or a transducer2,4. The 
major advantages of using biosensors are their high specificity, sensitivity, and 
portability5.  
1.1 Whole Cell Biosensors 
Whole cell biosensors have some distinct advantages that make them attractive to 
use as a sensor. First, numerous microorganisms exist in the natural environment and 
therefore allows the choice of  selecting a suitable strain for a specific sensing purpose6. 
Second, the enzymes inside a cell are less prone to denaturation compared to immobilized 
enzyme biosensors exposed to the environment2,7,8. Thus whole cell biosensors have the 
potential to be more durable and inexpensive7. Third, in case of toxicity determination of 
a particular pollutant, whole cell biosensors, being living entities themselves, are most 
suitable7. Fourth, while analytic methods can give the amount of a dissolved  pollutant, 
whole cell biosensors can quantify critical functional information like, if the pollutant has 
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effects on other secondary metabolic pathways inside the organism6. Fifth, whole cell 
biosensors are amenable to high throughput screening and can be ~1000 fold faster than 
analytical techniques like mass spectrometry (100 samples/day) if aided by supporting 
methods like fluorescence activated cell sorting9. 
There are also disadvantages of whole cell biosensors. The diffusional limitations 
of substrates through the cell membrane to activate the recognition element results in a 
slower response in whole cell biosensors than the response of immobilized enzyme-based 
sensors5. Furthermore, undesirable side-reactions that interfere with sensing may be 
caused by endogenous enzymes in cells5. Whole cell biosensors require some time for the 
reporter gene to be transcribed and translated which make it difficult to use such sensors 
for real-time monitoring5. In general, though biosensors have been shown to be able to be 
freeze-dried and then rehydrated prior to use10, one of the main challenges in their 
commercial exploitation remains extending their lifetime and their durability7.  
1.2 Optical Reporter Systems 
A whole cell biosensor can quantify the ligand concentration through various 
reporter systems like electrochemical, thermal or optical amongst others2,4. Though 
optical systems cannot be used for real time monitoring of changes in signal intensity2,4, 
they offer advantages like simplicity and ease of detection while maintaining high 
sensitivity4.  
Whole cell biosensors using the optical reporter systems commonly incorporate 
reporter genes coding for elements emitting bioluminescent, fluorescent, or colorimetric 
endpoints. Bioluminescence is usually derived from the bacterial (Lux) or firefly (Luc) 
luciferase genes, fluorescence from the green fluorescence protein (GFP) gene while 
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colorimetric endpoints rely on the β-galactosidase (LacZ) gene11. Of these three different 
types of optical reporter systems, the use of the fluorescent reporter GFP has certain 
advantages over the others. 
First, GFP does not need any substrate to emit light like the firefly luciferase and 
the LacZ reporter genes, but depends on an external light source to activate its 
fluorescence11-13. Second, fluorescent proteins in various colors are available like cyan 
fluorescent protein, red fluorescent protein and others which makes them amenable to use 
in multiple reporter systems11-13. Third, protein engineering has reduced the GFP 
fluorophore maturation time to the order of a few minutes that enables rapid readouts13. 
However, GFP based reporter systems do suffer from high fluorescence levels in the 
absence of inducer(s)13.  
1.3 Repressible and Inducible Optical Whole Cell Biosensors 
There are two types of optical whole cell biosensors:  repressible expression 
biosensors and inducible expression biosensors.  
Repressible expression biosensors or “lights-off” biosensors11 use a promoter that 
is highly active under normal growth  conditions leading to a high expression in the 
absence of inducer(s). Under toxic conditions, this expression level is reduced and the 
reduction is correlated to the sample toxicity12. Repressible systems determine the 
apparent toxicity by monitoring this reduced reporter expression after a certain time of 
exposure. The quorum sensing bacterium Vibrio ficherii has been used for repressible 
expression systems7. The main disadvantage of a repressible expression system is its high 
levels of expression in the absence of inducer(s)11.  
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Inducible expression systems or “lights on” systems have low expression levels in 
the absence of the inducer(s) which increases on the presence of the inducer(s)11. 
Inducible systems can be stress specific or chemical specific. Different stressors like 
superoxide or hydroxyl radicals, single stranded DNA etc. are responsible for inducing 
different stress responses in cells14. A stress inducible system thus helps to classify toxic 
compounds on the basis of the stress it induces.  A chemical specific inducible system 
does not measure toxicity or stress but the presence of specific chemicals14. Inducible 
expression systems are much more sensitive than repressible expression systems11 
because of their low expression levels in the absence of inducer(s). 
1.4 Whole Cell Biosensors with Intracellular Recognition Elements 
In case of whole cell biosensors with intracellular recognition elements, the ligand 
of interest must permeate inside the cell and then activate the recognition element inside 
the cell. Thus, such a system may be limited by the diffusional and transport resistances 
encountered by the ligand of interest in entering inside the cell2,15. 
  The most widely used intracellular recognition elements of whole cell biosensors 
are based on the activation of an inducible promoter by a transcription factor in response 
to external ligands2,15-17. This interaction between the target ligand and transcription 
factors activates or represses the expression of the reporter gene which results in a 
quantifiable signal change. Many such transcription factor and promoter pairs are based 
on natural resistance mechanisms or toxic compound metabolism2,15-17. For example, a 
whole-cell biosensor for cadmium detection was developed in Bacillus subtilis based on 
the regulatory protein CadC and the PCADC promoter from Staphylococcus sp.
18. The 
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ZntR regulatory protein and the PZATAP promoter from Escherichia coli were used to 
monitor zinc, lead and cadmium16. The XylR regulator protein and the PPU promoter pair 
from the xylene degradation pathway in Pseudomonas putida have been used to detect 
organic compounds like xylene, benzene and toluene19. Other examples include an E.  
coli biosensor to detect L-arabinose using the AraC transcription factor and PBAD 
promoter20. Transcription factors and inducible promoter pairs also exist in simple 
eukaryotes like S. cerevisiae. Examples of such promoters include 
PGAL1, PMET25 and PCUP1
21,22. While PGAL1 and PCUP1 are induced by exposure to galactose 
and copper respectively22,23, PMET25 is induced by absence of methionine
24. While these 
examples demonstrate the capability of regulatory proteins to sense a wide range of novel 
targets, not all chemicals have known transcription factor-promoter pairs that can be 
utilized for their detection, limiting the use of such recognition elements2.   
Synthetic RNA switches are also used as a type of intracellular whole cell 
biosensor recognition element. RNA switches are a class of RNA-based sensor-regulator 
elements that couple a RNA sensing function, encoded in an aptamer, to a gene-
regulatory function25. The binding of the ligand at the aptamer domain leads to a 
conformational change, ultimately modulating the activity of the gene-regulatory domain 
through splicing, transcription, translation etc. For example, an E. coli based whole cell 
biosensor was developed with an engineered RNA switch to detect the antiasthmatic 
drug, theophylline26.  More recently, a modular ribozyme based device in S. cerevisiae 
was constructed that coupled aptamers recognizing theophylline or tetracycline to a 
hammerhead ribozyme which led to the ribozyme self-cleavage and mRNA degradation 
in the presence of the ligand25. De novo generation of RNA aptamers is possible and the 
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iterative process includes attachment of the ligand of interest to solid supports followed 
by affinity chromatography to identify RNA sequences that bind to the attached 
ligands25,27. Still, RNA switches suffer from a limited diversity of available parts and lack 
of scalable strategies to accelerate generation of new aptamers27.  
1.5 Whole Cell Biosensors with Extracellular Recognition Elements 
Whole cell biosensors with extracellular recognition elements are advantageous 
for the detection of target molecules or ligands that cannot be easily transported to the 
intracellular environment2,28. Even in the case of ligands that can cross the cell membrane 
and enter the cell, the overall kinetics are significantly improved by bypassing membrane 
transport and using extracellular recognition elements2,28,29. Usually, such extracellular 
recognition elements or cell surface receptors are a part of various signaling cascades 
inside the cell that lead to expression of downstream genes on ligand activation. 
Examples of such recognition elements in prokaryotes include two component 
histidine kinase system30 , which consists of a histidine kinase sensor and a response 
regulator30. For example, the CusR/CusS two component system in E. coli can respond to 
copper and silver levels in the extracellular environment31. Surface display systems have 
also been developed in E. coli, which usually work by fusing the protein of interest 
(recognition element) to a carrier protein, that leads to export across the cell envelope and 
attachment to the cell surface28,29. By being displayed on the cell surface, the recognition 
element can access any externally added substrate and membrane penetration issues of 
the substrate can be overcome28,29.  
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An important example of extracellular recognition component is the G-protein 
coupled receptor (GPCR). GPCRs are the largest and most diverse membrane protein 
family on the cell surface32-35. Located in the plasma membrane, GPCRs are seven helix 
transmembrane proteins32-34,36, involved in signal transmission in the cell. The primary 
benefit to explore GPCRs as recognition components is the variety of its ligands2 because 
of the wide diversity of GPCRs available across different species. Also, using standard 
biological techniques like directed mutagenesis it is now possible to engineer GPCRs, 
called receptors activated solely by synthetic ligands (RASSLs), that are unresponsive to 
endogenous ligands but can be activated by the desired small molecule ligand37.  
1.6 Olfactory Receptors 
Olfactory receptors (ORs) are a sub-class of GPCRs that bind odorant ligands. 
ORs are located inside the nasal cavity and help animals to sense flavors and fragrances 
and also avoid harmful substances38. ORs undergo a conformational change on binding to 
odorants leading to an altered interaction of its intracellular loops with the α subunit of 
heterotrimeric G-Protein (Gα, Gß and Gγ subunits)
39. An OR can distinguish odorants on 
the basis of molecular shape, size or functional group40. However, the perception of smell 
can be enhanced or decreased by presence of other odorants as well. The olfactory system 
often integrates responses from different olfactory cells for the purpose of olfaction38. 
Nearly 350 functional OR genes have been identified in humans which account for the 
whole range of our olfactory capabilities, often in a synergistic manner39. However, many 
of their odorants remain unknown and the ORs are termed as “orphan” ORs. Research on 
ORs and their applicability is hampered by the challenges in expressing them 
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heterologously. Inefficient folding in heterologous organisms lead to receptor 
sequestration, degradation and failure to translocate properly to its site of action, the cell 
membrane36,38,41.  Various strategies, like construction of fusion proteins or chimeras42, 
codon optimizing, using different Gα subunits
43,44, manipulating the temperature for 
expression44 are employed in order to successfully express ORs heterologously. 
Functional expression of ORs also depends on successful linking of the expressed 
receptor to downstream signaling pathways32-34,45. Because of the challenges in 
expression and subsequent function of ORs in prokaryotes, simple eukaryotic whole cell 
biosensors are emerging as a desired platform for functionally expressing these receptors. 
1.7 Eukaryotic Whole Cell Biosensors 
The use of simple eukaryotic systems as whole cell biosensors is increasing. First, 
many eukaryotic genetic recognition elements like GPCRs cannot be functionally 
expressed in prokaryotic expression systems because of the lack of an appropriate 
downstream signaling pathway and their incapability to carry out post translational 
modifications46.  Second, simple eukaryotes like S. cerevisiae share with bacteria a fast 
growth rate and ease of genomic manipulations46. Third, S. cerevisiae is particularly 
robust with a wide tolerance to pH  and osmolarity which makes it a more durable 
biosensor46.  
1.8 Yeast as a Model System 
S. cerevisiae has been long utilized in brewing and producing ethanol47,48. Recent 
scientific developments and the emergence of metabolic engineering and synthetic 
biology have enabled the use of yeast in production of chemicals other than ethanol49-53. 
Yeast is non-pathogenic and classified as a “generally regarded as safe” (GRAS) 
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organism54. Its genetic modification protocols are well established and its genome 
sequenced55. Unlike E. coli, yeast is highly robust and tolerant to a variety of industrial 
conditions54,55. It is used industrially for production of biofuels, pharmaceuticals and 
various chemicals including butanol, bisabolene, l-lactic acid, 1,2-propanediol, succinic 
acid, geraniol, farnesene, vanillin56-61.  
An important factor for the use of yeast in OR expression is its ability can carry 
out several post-translational modifications to the translated protein sequence which may 
be essential when trying to express GPCRs from mammals like humans44. The yeast 
system is also an attractive proposition because it provides a null background to study 
mammalian GPCRs36,44. This lack of competing endogenous GPCRs helps in proper 
ligand recognition and signal optimization of expressed heterologous GPCRs44,62. 
There are two native GPCR signaling pathways in S. cerevisiae: The glucose 
sensing pathway and the pheromone sensitive mating pathway62. The glucose sensing 
pathway mediates the activation of adenylate cyclase in response to glucose levels while 
the mating pathway responds to pheromones secreted by yeast cells and leads to mating. 
Heterologous GPCRs have been expressed in yeast using the yeast mating pathway62.  
1.9 Yeast Mating Pathway 
Haploid yeast has two mating types, a and α (genotype MATa and MATα). These 
two cell types can mate to form a diploid yeast cell. To initiate mating, MATα type cells 
secrete a 13 residue peptide called α-Factor recognized by the Ste2 receptor in a MATa 
cell while a 12 residue peptide, the a-Factor is secreted by MATa type cells62,63, which are 
recognized by Ste3 receptor on the MAT α cell. This receptor recognition leads to a 
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cascade of changes downstream leading to changes in expression of as much as 3% of the 
yeast genome63.  
Receptor stimulation first leads to the Gα subunit of the G protein exchanging 
GDP for GTP and freeing the Gβγ heterodimer from the G protein complex. This 
heterodimer leads to a four level protein kinase cascade that leads to the activation of the 
transcription factors downstream and gene expression for mating.  Two of the effectors of 
the Gβγ heterodimer are Ste20 protein kinase and Ste5/Ste11 complex
63. The Gβγ 
heterodimer brings close together Ste11 and Ste20, leading to phosphorylation of Ste11 
by Ste20. Ste5 acts a non-catalytic scaffold in which Ste11 and other downstream 
effectors Ste7 and Fus3, Kss1 are bound. Ste11 is the first member of the phosphorylation 
cascade (also called the mitogen-activated protein kinase kinase kinase or MAPKKK 
component). The phosphorylated Ste11 in turn phosphorylates Ste7 (the MAPKK 
component) which then phosphorylates the two MAPK components, Fus3 and Kss163. 
These two downstream components of the phosphorylation cascade in turn activate the 
transcription factor Ste12 which is otherwise repressed by the Dig1/Dig2 complex. 
Phosphorylation of Dig1/Dig2 and Ste12 by Fus3 removes the repression and leads to 
activation of Ste12 transcription factor63. This transcription factor’s binding domain has 
been found in nearly 100 promoters in the yeast genome most of which are genes 
involved in the mating pathway and cell fusion63. Amongst the genes upregulated are 
FUS1 and FIG163. Another effector of the Gβγ heterodimer is the Far1 which is involved 
in polarized growth of yeast cells towards the pheromone concentration gradient and 
leads to cell cycle arrest during the mating process. A schematic diagram of selected 
components of the yeast mating pathway is depicted (Fig. 1.1). 
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Figure 1.1. Schematic diagram of selected components of the yeast mating pathway  
1.10 Expression of Heterologous GPCRs in Yeast 
The first report on functional expression and signal transduction through the yeast 
mating pathway of a GPCR in yeast was that of a fusion protein of the β2-adrenergic 
receptor and the native Ste2 yeast receptor under an inducible PGAL1 promoter
64. However 
similar results on constructing fusion GPCRs under the PGAL1 promoter were not 
observed in other cases65. The mammalian Gαq protein coupled muscarinic receptor was 
functionally expressed in yeast66. Deletion of the intracellular loops of the receptor 
increased its expression. While the shortened receptors could functionally interact with 
the endogenous yeast Gα subunit, a chimeric protein composed by replacing the last 5 
amino acids in the C terminal tail of the yeast Gα by mammalian Gαq showed better ligand 
binding affinities66. Variations of pH and temperature have also been studied in some 
cases to express heterologous GPCRs in yeast. While the human β2- and α2C-adrenergic 
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receptors were expressed better by increasing the pH of the media from 5.5 to about 7, a 
heat shock at 42°C for an hour led to higher production of the mouse 5HT5A serotonin 
receptor67. Alternatively, lowering the temperature to 10-18°C led to better expression of 
heterologous GPCRs in yeast in some cases. This was hypothesized as a result of the 
induction of “cold-shock” proteins that can act as chaperones and help in proper folding 
of the GPCRs68. High sterol levels in the yeast cell membrane results from low 
temperature growth, which may also play a positive role in achieving higher GPCR 
activity69. 
The rat I7 OR and human OR 17-40 was expressed in yeast44 by lowering the 
temperature to 15°C to optimize conditions. Different ligands for these receptors were 
also tested. The rat OR226 gene was expressed in yeast that showed sensitivity towards 
2,4-dinitrotoluene (DNT)70 by constructing a chimeric OR receptor and introducing the 
mammalian cAMP signaling cascade components in yeast. Protease deficient yeast cells 
were also utilized to prevent receptor degradation in some cases. However, an increase in 
the receptor levels did not correspond to an increase in receptor activity indicating not 
just the expression but the proper folding is critical to the function of heterologous 
GPCRs in yeast65.  
Considerable effort in GPCR signaling has also focused on the Gα subunit of the 
G protein heterotrimer. While some GPCRs can induce the signaling cascade through the 
endogenous Gpa1 yeast subunit71,72, other strategies have included expressing GPCRs 
with a chimeric G protein with parts of both the yeast Gpa1 and mammalian Gα subunits. 
Though infinite number of such combinations is possible in theory, some successful ones 
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include replacing the last 5 C-terminal amino acids of the Gpa1 with the corresponding 
mammalian Gα subunit
66,73. 
Recently, different chimeras of the mouse OR226 were constructed in yeast cells 
to test their ligand specificity to DNT using luciferase gene as the reporter43. It was found 
in this study that the mammalian Golf was successful in transmitting the signal 
downstream in a Gpa1 null mutant. Also the human NTSR1 receptor that can bind 
neurotensin, an important neural modulator was recently functionally expressed in yeast 
using a chimeric Gα subunit
74. Another approach is to construct fusion proteins of the 
GPCR and the Gα subunit. The fusion construct of a Ste2-Gpa1 chimera was able to 
function normally in a yeast cell75. However there is no one specific method to 
functionally express heterologous GPCRs in yeast and while some general strategies like 
the ones described do exist, each GPCR is unique and different and often, a combination 
of different strategies may be essential.  
The reporter system to assess the ligand binding to GPCRs often includes a 
downstream promoter like PFUS1 or PFIG1 which is activated by the mating pathway 
transcription factor Ste12, connected to a gene like HIS3 that enables yeast growth and 
colony formation in a plate lacking histidine71. However, the slow response in the order 
of days has led to researchers using more sensitive and temporally efficient luciferase 
(Luc)44 and green fluorescence protein (GFP).  
Genetic modifications of the yeast cell are also necessary for it to act as a sensor 
expressing heterologous GPCRs. The FAR1 gene is always deleted in order to prevent 
cell cycle arrest on the pathway activation so that the cells can propagate44,67. Though 
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optional, SST2 gene deletion leads to an increased steady state signal, as the Gα subunit 
can remain in its GTP bound state for a longer time. The endogenous pheromone receptor 
gene STE2 has also been deleted in some cases44,67.  
1.11 The OR1G1 Receptor 
The human olfactory receptor OR1G1 is normally expressed in the nasal 
epithelium of humans and is one of the many hundreds of receptors we use in order to 
have our sense of olfaction. This receptor was de-orphanised in 200476 by expressing in 
human embryonic kidney (HEK) cells and shown to bind to a variety of ligands which 
includes industrially desired chemicals and products like decanoic acid and nonanal. 
Medium chain fatty acids like decanoic acid can be precursors to fuels that replace 
gasoline77 while nonanol is used in the manufacture of artificial lemon oil78 . Theoretical 
studies predict non-polar hydrophobic interactions as the primary mode of ligand binding 
to the OR1G1 receptor79.  
The next chapter in this thesis describes the materials and methods section. 
Chapter 3 describes the results and discussions of this work. The human olfactory 
receptor, functionally expressed in yeast for the first time, is shown to respond to a range 
of ligands. We also show that a synthetic transcription factor can substitute for the native 
transcription factor in the mating pathway and demonstrate that one yeast cell can 
selectively respond to two activating ligands via two different receptors. Chapter 4 





MATERIALS AND METHODS 
                      
2.1 Reagents and Chemicals 
Octanoic acid (A11149), nonanoic acid (B21568), octanal (A10901) and decanal 
(A11656) were purchased from Alfa Aesar. Decanoic acid (D0017), dodecanoic acid 
(L0011), nonanal (N0296), 1-octanol (N0292), 1-nonanol (O0036) and 1-decanol 
(D0031) were obtained from TCI. Dodecyl aldehyde (AC36522) was purchased from 
Acros Organics. Dimethyl sulfoxide (DMSO) (99.9%) was obtained from J.T.Baker.      
α-Factor was purchased from Zymo Research. Deionised water from Millipore Water 
Systems was used in all cases.  
Yeast extract, LB broth and LB agar were bought from EMD chemicals. Yeast 
nitrogen base without amino acids and agar were purchased from Becton, Dickinson and 
company. Peptone (bacteriological grade) was obtained from Amresco. All amino acids 
were bought from Sigma-Aldrich. D-Glucose (biotechnological grade) was purchased 
from Amresco. All restriction enzymes used in the study was bought from New England 
Biolabs. T4 DNA polymerase (5U/µL) and T4 DNA Ligase were purchased from 
Thermo Scientific and Promega respectively. High fidelity DNA polymerase was bought 
from BioRad.  
2.2 Strains and Media 
Recombinant DNA manipulations were carried out using DH10B E.  coli. Growth 
media for E.  coli transformants was LB media supplemented with 100 µg/mL ampicillin.  
The S. cerevisiae W303 strain (MATa, leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
his3-11,15)  and its derivatives were used in this study. Strain modifications were made 
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in the lab by the postdoctoral researcher Kuntal Mukherjee using the Delitto-Perfetto 
method80. All strains used are listed in the appendix (Table A.2). 
2.3 Plasmid Constructions and Yeast Transformation 
The plasmids used in this study are listed in Table A.1. The OR1G1 gene was 
codon optimized for expression in S. cerevisiae and commercially synthesized. (His)6-
OR1G1 was amplified from plasmid  pCR2.1-OR1G1 using primer SB3/SB4N. The 
primer sequences are given in Table A.3. The insert was cloned under PTEF1 promoter to 
the plasmid pESC-His3-PTEF1-PADH1 (PPY111) at BamHI/SacII
81. The sequence of 
OR1G1 is given in the appendix. Other plasmids used in the study were made by Kuntal 
Mukherjee. 
The lithium acetate method was used to transform S. cerevisiae strains82. 
Transformants were selected on drop-out SD plates. All transformants were grown in SD 
media supplemented with the necessary amino acids and nucleotides that correspond to 
the selected markers at 30°C or 15°C for cell growth.  
2.4 Flowcytometry Experiments 
The desired strains were inoculated in 5mL SD His-, Leu- or SD Leu- culture 
overnight as necessary at 30°C with shaking at 250 RPM. The next day 20 mL fresh SD 
dropout media was inoculated with cells to an OD600= 0.06 in a 50 ml shake flasks and 
grown for 18 hrs with 150 RPM shaking. For experiments relating to the endogenous 
yeast receptor Ste2, the inoculation temperature for this step was maintained at 30°C. For 
the OR1G1 receptor, the inoculation temperature was kept at 15°C. If multiple flasks 
were incubated, all the cells were collected in one container at the end, centrifuged and 
resuspended in SD dropout media. These cells were then incubated at OD600 = 0.1 in 5mL 
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culture with different chemicals for 4hrs at 30°C with 150 RPM shaking. All chemicals 
were freshly dissolved in DMSO (1% v/v) while α-Factor was dissolved in water. 
Flowcytometry was done in BD LSRII flow cytometer. 10,000 cells were counted for 
each reading and GFP fluorescence was measured by exciting at 488 nm with 20 mW 
Coherent Sapphire argon laser and detection emission on the FITC channel using 515-
545 nm filters. The voltage settings used were FSC: 178, SSC: 122, FITC: 600 for all 
experiments. The flowcytometry analysis was done using FlowJo software. 
2.5 Data Analysis 
Blank plasmid strains, constructed by transforming plasmids containing no 
reporter (GFP) gene into the desired yeast genetic background were used to calculate the 
corresponding strain’s autofluorescence. The mean fluorescence calculated over the 
entire population (10,000 cells) was taken as our observed fluorescence value. Observed 
fluorescence values were normalized by subtracting the cell autofluorescence. The 
normalized non-induced fluorescence value was called the baseline. This baseline was 
subtracted from the normalized observed fluorescence and was termed output. The ratio 
of the normalized observed value to the baseline was termed fold increase in signal on 
stimulation. 
2.6 Transfer Function Calculation 
The Hill Equation was used to fit the Transfer functions to derive the biosensor 
performance features:  
 GFP= GFPmax * ([I]
n / ([I]n+ [Km]
n)) 
where GFPmax is the maximum observed normalized GFP expression, [I] is the inducer 
concentration, Km is the inducer concentration resulting in half-maximal induction and n 
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is the Hill coefficient describing biosensor sensitivity.  
2.7 Toxicity Protocol 
For each toxicity experiment, 800 µL of media (Leu-,
 His-) in a 24-well plate was 
inoculated with an overnight culture to an OD600= 0.1. The compound to be tested was 
then added after dissolving in DMSO, so that the DMSO concentration was 1% 
(v/v). The plate was shaken for 24 hours at 30°C using a Biotek Synergy2 microplate 




RESULTS AND DISCUSSIONS 
 
                In this work, first, we compared the characteristics of two different downstream 
promoters of the yeast mating pathway, PFUS1 and PFIG1, with the endogenous Ste2 
receptor of yeast and the α-Factor pheromone with the designed GFP reporter system. 
Next, we expressed the heterologous GPCR OR1G1 and tested its affinity towards 
different ligands. We also successfully substituted of the endogenous transcription factor 
Ste12 by an engineered eukaryotic transcription factor. Finally, we showed how both the 
Ste2 and OR1G1 receptors can function in the same yeast cell and respond independently 
to their respective ligands. Figure 3.1 gives an overview of the signaling systems that 










































Figure 3.1. Overview of  signaling systems used for A)Sensing α-Factor using strain PPY641 (W303 far1Δ 
sst2Δ strain carrying cen-PFIG1-GFP) B) Sensing ligands for the OR1G1 receptor using strain PPY643 
(W303 far1Δ sst2Δ ste2Δ strain carrying pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP), C) Sensing 
ligands for the OR1G1 receptor with a synthetic transcription factor using strain PPY652 (W303 far1Δ 
sst2Δ ste2Δ ste12Δ strain carrying pESC-His3-PTEF1-OR1G1-PADH1-STF1 and pESC-Leu2-PGAL4(5X)-GFP), 
D) Sensing α-Factor and nonanal for OR gate demonstration using strain PPY 642 (W303 far1Δ sst2Δ 










   3.1 Choice of Downstream Promoter 
               Most reports in literature have focused on the PFUS1 promoter as the downstream 
promoter of choice in order to express the mating pathway signal using reporters such as 
luciferase or green fluorescence protein70,83. However, there are some reports in literature 
that have used the PFIG1 promoter too for this purpose
84,85.  In 2012, the efficiencies of 
these two promoters were compared by expressing luciferase as a reporter of the yeast 
mating pathway on stimulating with α-Factor42. It was also concluded in the study that 
PFIG1 was the better promoter for biosensors giving  higher fold increase in signal after 
ligand activation42. But in the absence of any other corroborating evidence, first a 
comparison of the two promoters PFUS1 and PFIG1 with the endogenous Ste2 receptor of 
yeast and the α-Factor pheromone was carried out in this work with the designed GFP 
reporter system.  
                  Having the right promoter for the reporter system is very important. First, the 
promoter being used must be activated by the mating pathway transcription factor and act 
as a proper signal transducer so that the reporter can be transcribed. While having a 
strong promoter would seem to be the right way forward, by driving higher expression of 
the reporter, it can also have drawbacks. In sensor reporter systems, we are interested in a 
fold change in the expression levels after addition of the ligand. Ideally a strong promoter 
with very little expression of the reporter under unstimulated conditions would be ideal. 
Such a system would give no to very low signal when there is no ligand activating the 
signaling pathway. 
  Therefore, a comparison between two downstream promoters of the yeast mating 
pathway, PFUS1 and PFIG1, was done using the endogenous Ste2 receptor and α-Factor 
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ligand and the results are shown in Figure 3.2. The highest levels of GFP fluorescence 
was observed in W303 far1Δ sst2Δ strain carrying pESC-PFUS1-GFP (PPY638), with the 
fluorescence values reaching ~20000 AU. The second highest system was W303 far1Δ 
sst2Δ strain carrying pESC-PFIG1-GFP (PPY639) which had fluorescence intensity values 
reaching ~9200 AU. The same trend of PFUS1 being the stronger promoter is carried over 
in case of expression utilizing centromeric plasmids (PPY640 and PPY641) in a W303 
far1Δ sst2Δ strain.  
                 
 
Figure 3.2.  Normalized GFP Fluorescence on α-Factor Induction with PFUS1 and PFIG1 promoters of strains 
PPY638 (W303 far1Δ sst2 strain carrying pESC-PFUS1-GFP), PPY639 (W303 far1Δ sst2Δ strain carrying 
pESC-PFIG1-GFP), PPY640 (W303 far1Δ sst2 strain carrying cen-PFUS1-GFP) and PPY641 (W303 far1Δ 
sst2Δ strain carrying cen-PFIG1-GFP).   All experiments were done in triplicate. Shown in the figure are the 




The maximum fold increase in signal after activation is an important 
characteristic of a biosensor and is calculated by dividing the maximum fluorescence on 
ligand induction by the fluorescence levels on no induction. Figure 3.3 shows that the 
maximum fold increase on α-Factor stimulation observed for the various strains tested.  
PPY639 and PPY641 are the strains with the highest fold increases in signal after 
activation and both have the PFIG1 promoter.  This is because PFUS1 is a stronger promoter 
than PFIG1 but has high rates of transcription even when no inducer is present, giving 
overall lower fold increase in signal after activation. Therefore, we chose PFIG1 as the 
desired promoter for our sensor system in all subsequent cases. 
 
 
Fig 3.3. Calculated maximum fold increase of GFP fluorescence on α-Factor stimulation with different 
strains. Strains PPY639 (W303 far1Δ sst2Δ strain carrying pESC-PFIG1-GFP) and PPY641 (W303 far1Δ 
sst2Δ strain carrying cen-PFIG1-GFP) show higher fold increase in signal on activation than strains PPY640 




Plasmids systems used in yeast for gene expression are mainly of two types: 
centromeric and 2µ. Centromeric plasmids are more stable but their copy number is low 
86 while the 2µ plasmid system on the other hand has a higher copy number (30-40) but is 
less stable87. Figure 3.4 compares the efficiency of the centromeric and 2µ plasmid based 
reporter systems.  
The W303 far1Δ sst2Δ strain carrying pESC-PFIG1 (PPY653) or cen-PFIG1 
(PPY654) account for the cellular autofluorescence (Fig. 3.4). When W303 far1Δ sst2Δ is 
transformed with either pESC-PFIG1-GFP (PPY639) or cen-PFIG1-GFP (PPY641) in the 
absence of the inducer, the increase in the mean GFP fluorescence is minimal.  When 
W303 far1Δ sst2Δ strain carrying pESC-PFIG1-GFP (PPY639) or cen-PFIG1-GFP 
(PPY641) is induced at saturating α-Factor concentrations, the curves show increased 
fluorescence. 
Having a centromeric plasmid (Fig. 3.4A) has a more compact distribution of 
fluorescence with a larger percentage of cells stimulated (89.7%). A 2µ plasmid system 
(Fig. 3.4B) has a bimodal distribution with a smaller percentage of cells stimulated 
(61%). Based on these results, a centromeric PFIG1-GFP reporter plasmid system was used 
in subsequent experiments. Literature reports suggest that a high copy number plasmid 
system of expression is best for heterologous GPCRs in yeast44,67. Therefore the 2µ 








Figure 3.4. Flow cytometry histogram on α-Factor induction of A) PPY654 (W303 far1Δ sst2Δ strain 
carrying cen-Leu2), PPY641 (W303 far1Δ sst2Δ strain carrying cen-Leu2-PFIG1-GFP) with 0nM α-Factor, 
PPY641 (W303 far1Δ sst2Δ strain carrying cen-Leu2-PFIG1-GFP) with 100nM α-Factor and B) PPY653 
(W303 far1Δ sst2Δ strain carrying pESC-Leu2), PPY639 (W303 far1Δ sst2Δ strain carrying pESC-Leu2-
PFIG1-GFP) with 0nM α-Factor, PPY639 (W303 far1Δ sst2Δ strain carrying pESC-Leu2-PFIG1-GFP) with 







3.2 Signal Optimization using the OR1G1 Receptor 
The designed GPCR expression and GFP reporter system was tested using the 
heterologous codon optimized human GPCR OR1G1 in yeast. The optimization of 
signaling using the yeast mating pathway was done using nonanal as the ligand since it 
has been shown to be a good ligand. The GFP fluorescence distribution on addition of 
nonanal to a W303 far1Δ sst2Δ ste2Δ strain transformed with pESC-His3-PTEF1-OR1G1 
and cen-Leu2-PFIG1-GFP (PPY643) is shown in Figure 3.5. The protocol for GPCR 
expression was broken into two parts: a GPCR expression part and a ligand induction 
part.  
 
Figure 3.5. Flow cytometry histogram on nonanal induction of PPY643 (W303 far1Δ sst2Δ ste2Δ strain 
carrying pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP). A) The GPCR expression temperature and 
the ligand induction temperature were both maintained at 30°C B) The GPCR expression temperature was 





        at 15°C 
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Keeping both the expression and induction temperatures at 30°C led to no change 
in GFP expression from the levels when no inducer was present (Fig. 3.5A). On lowering 
the temperature for GPCR expression to 15°C keeping the ligand induction temperature 
at 30°C, the fluorescence distribution profiles showed a significant rightward shift which 
meant that the ligand was successful in signaling through the mating pathway leading to 
induction of the GFP reporter system (Fig. 3.5B). It is interesting to note that, at the low 
induction temperature of 15°C, the GFP fluorescence in the absence of inducer seems to 
decrease from the corresponding levels at 30°C. However, the GFP fluorescence 
intensities for the same strain at two different temperatures can be different and we are 
interested in the relative changes in fluorescence intensities between the non-inducing 
and inducing states for the particular strain under the same conditions. Thus, low 
temperature cell growth was needed to successfully signal using the heterologous OR1G1 
gene in yeast. This could be a result of cold-shock proteins that are expressed in yeast as 
a result of low temperatures. According to literature reports, these proteins can act as 
chaperones that can lead to better folding of heterologous genes and their proper 
expression68,69. Thus, for all subsequent sensing experiments done with OR1G1, the 
expression temperature was kept at 15°C, while the ligand induction temperature 
remained at 30°C. 
3.3 Chemical Profiling of the OR1G1 Receptor 
         In order to profile the binding affinity of the OR1G1 receptor in yeast, different 
ligands across n-aldehydes, n-alcohols and carboxylic acids were tested. Since OR1G1 
was known to bind to a few C9 and C10 organic compounds with high affinity76 in 
human embryonic kidney cells, carbon chain lengths of 8-12 were tested with different 
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functional groups. Table 3.1 shows a list of the different ligands tested for induction with 
the OR1G1 receptor along with their chemical structures using a W303 far1Δ sst2Δ ste2Δ 
strain transformed with pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP (PPY643). 
 






Octanoic Acid           
Nonanoic Acid  
Decanoic Acid  






The 11 ligands shown in the Table 3.1 were tested with the OR1G1 receptor. The 
dose response curves of these ligands are shown in Figure 3.6. Amongst the four 
aldehydes (Fig. 3.6 A), the OR1G1 receptor is able to sense the ligands nonanal, decanal 
and dodecanal in a dose dependent manner, with nonanal appearing to be the best ligand. 
Octanal was not sensed, exhibiting no increase in GFP fluorescence across the ligand 
concentration range (0-1000µM). All three alcohols tested, octanol, nonanol and decanol 






















Figure 3.6. Dose dependent response curves of PPY643 (W303 far1Δ sst2Δ ste2Δ strain carrying pESC-
His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP) on induction with different A) aldehydes B) alcohol and C) 




Amongst the four acids, octanoic acid and dodecanoic acid could not stimulate the 
OR1G1 receptor. Decanoic acid was the best ligand among the acids while nonanoic acid 
was also stimulated at higher concentrations (Fig. 3.6 C). Since dodecanoic acid 
precipitates when added at a concentration above 125 µM, it was not tested above that 
limit. An important property of a sensor is its maximum fold increase in signal after 
activation. It is calculated by dividing the maximum fluorescence intensity observed on 
induction by the fluorescence levels on no induction. The maximum fold increase in 
signal after activation for all the tested ligands that gave stimulation were tabulated and 
are shown in Figure 3.7. 
 
Figure 3.7. Calculated maximum fold increase of the strain PPY643 (W303 far1Δ sst2Δ ste2Δ strain 
carrying pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP) on stimulation with the different ligands 
 
The two best ligands for the OR1G1 receptor are nonanal and decanoic acid (Fig. 
3.7). The observation in literature that OR1G1 works best with organic compounds of 
straight chain lengths with 9-10 carbons is upheld in this work76. OR1G1 was unable to 
sense dodecanal in human embryonic kidney cells but showed affinity towards it in this 
 31 
work in yeast76. This may be due to the effect of expressing the receptor in a heterologous 
system with different pathway architecture. Notably, the expressed OR1G1 worked well 
with the endogenous yeast G-protein.  
The dose dependent response curves obtained were fitted to a Hill equation to 
derive various features of the biosensor.  Table 3.2 tabulates these characteristics. The 
dynamic range is defined as the maximum GFP fluorescence intensity observed for that 
ligand within the range tested. Km is defined as the ligand concentration at half-maximal 
fluorescence. The sensitivity is the computed Hill coefficient which is a measure of how 
sensitive the sensor is towards the ligand. The OR1G1 receptor is observed to have 
different affinities towards the different sensed ligands, which is portrayed by the 
variations in the values of Km and sensitivity. 
Table 3.2 Biosensor features of the strain PPY643 (W303 far1Δ sst2Δ ste2Δ strain carrying pESC-His3-




(GFP Max) (AU) 
Km (µM) Tested Range 
(µM) 
Hill Coefficient 
Octanol 626 715 0-1000 5.2 
Nonanol 723 548 0-1000 4.85 
Decanol 727.667 120 0-1000 0.89 
Nonanoic Acid 779 505 0-500 5.3 
Decanoic Acid 947.667 266 0-500 3.17 
Nonanal 990 764 0-1000 5.746 
Decanal 680 158 0-1000 3.085 
Dodecanal 629 54 0-1000 1.166 
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3.4 Introducing a Synthetic Transcription Factor          
         The transcription factor that is activated upon on stimulation of the yeast mating 
pathway is Ste12, which goes on to activate 100 downstream genes that lead to cell 
mating and shmoo formation63. Replacing Ste12 by a synthetic transcription factor could 
lead to targeted binding of the new transcription factor around the desired reporter 
gene(s) and increase the observed stimulation. With this idea in mind, a synthetic 
transcription factor STF1 was designed as per literature reports88. Eukaryotic 
transcription factors have an activation domain and a DNA binding domain. While the 
STF1 retained the activation domain of the Ste12 protein, it was engineered to include the 
GAL4 DNA binding domain88. Thus, the STF1 could be stimulated by the mating 
pathway MAP Kinase cascade but not bind to the many different genes. It would only 
bind to those which had the GAL4 DNA binding sites. A synthetic promoter was 
engineered with five GAL4 DNA binding sites upstream of the TATA box to drive 
expression of the GFP and was called the PGAL4(5X) promoter.  
The two best ligands, decanoic acid and nonanal were used to test the synthetic 
transcription factor based signaling system. The dose dependent response curves on 
stimulation of W303 far1Δ sst2Δ ste2Δ ste12Δ strain transformed with pESC-His3-PTEF1-
OR1G1-PADH1-STF1 and pESC-Leu2-PGAL4(5X)-GFP (PPY652) are shown in Figure 3.8. 
Both the ligands were able to stimulate the STF1 transcription factor and lead to GFP 












Figure 3.8. Dose dependent response of PPY652 (W303 far1Δ sst2Δ ste2Δ ste12Δ strain carrying pESC-
His3-PTEF1-OR1G1-PADH1-STF1 and pESC-Leu2-PGAL4(5X)-GFP) on induction with nonanal and decanoic 
acid. All experiments were done in triplicate. Shown in the figure are the means with the standard 
deviations. 
 
3.5 Development of a GPCR-based OR Gate                                               
A sensor system carrying both Ste2 and OR1G1 was then characterized. Such a 
system could sense varying ligands with its different receptors. By using an expression 
temperature of 15°C, both Ste2 and OR1G1 were functionally expressed in the same cell 




Figure 3.9 Dose dependent response of PPY642 (W303 far1Δ sst2Δ strain carrying pESC-His3-PTEF1-
OR1G1 and cen-Leu2-PFIG1-GFP) on induction with A) α-Factor and B) nonanal. All experiments were 
done in triplicate. Shown in the figure are the means with the standard deviations. 
 
Having established that the receptors could individually sense their ligands, a 
question was whether the ligands could be sensed if both were present together i.e., from 
the viewpoint of digital electronics, whether an OR gate was functionally possible in the 
yeast cell. Usually in literature, the endogenous Ste2 receptor is deleted so that there is no 
spatial competition for binding sites between different receptors66. To test the dose 
responses of both ligands together, ten different combinations of α-Factor and nonanal 
were tested in a W303 far1Δ sst2Δ strain transformed with pESC-His3-PTEF1-OR1G1 and 
cen-Leu2-PFIG1-GFP (PPY642). The GFP fluorescence intensities observed on testing 





Figure 3.10. Surface plot showing fluorescence intensity on nonanal stimulation of PPY642 (W303 far1Δ 
sst2Δ strain carrying pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP) 
 
The fluorescence intensity in the absence of either nonanal or α-Factor was taken 
as the baseline. Addition of either nonanal or α-Factor or their combinations is seen to 
lead to an increase in the fluorescence intensity from the baseline level signifying the 
successful function of an OR gate. However, the variation of fluorescence intensity 
across different combinations of nonanal and α-Factor in the W303 far1Δ sst2Δ strain 
transformed with pESC-His3-PTEF1-OR1G1 and cen-Leu2-PFIG1-GFP (PPY642) is 
intriguing. The Figure 3.10 clearly shows this non-linear dynamics and is different from 
what would be expected from a traditional additive OR gate where we could expect the 
maximum fluorescence intensities when both the ligands are saturating. Sources in 
literature reports cite how OR gates can be additive when both sources of stimulation are 
present using dual intracellular transcription factor-promoter sensing systems89. However 
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there are no literature reports on OR gates using olfactory receptors. Therefore this work 
shows the complex interaction between the two olfactory receptors in the same yeast cell 
for the first time. In this case, the GFP is expressed from the same promoter PFIG1 which 
is upregulated by the same transcription factor Ste12. As only a new receptor is 
introduced which signals via the same mating pathway in the yeast cell and competes for 
the G-Protein, the argument that the signal would not be amplified or additive can be 
made. Assuming that around 50% of the receptors on the surface would be OR1G1 and 
the rest would be Ste2, it could also be assumed that the fluorescence signal intensity 
should lie in between that of the two ligands when they are present alone. However, it is 
observed that, while the GFP fluorescence from α-Factor stimulation is much more than 
nonanal when the ligands are individually present, the presence of nonanal has a negative 
effect on the GFP stimulation when combinations of nonanal and saturating α-Factor 
concentrations are present. Even at 125µM nonanal concentration, the GFP fluorescence 
decreases significantly. At higher concentrations of nonanal starting from 250µM, the 
GFP fluorescence reaches values comparable to just the presence of nonanal irrespective 
of the α-Factor concentration in all tested combinations. It is also interesting to note while 
α-Factor is sensed at nanomolar concentrations, nonanal is sensed at micromolar 
concentrations. This difference can be due to altered receptor-ligand interactions and/or 
the receptor-G-protein coupling.  
In order to see if the decreasing fluorescence intensities observed on nonanal 
addition in presence of α-Factor for the OR gate depended on the presence of the OR1G1 
receptor, the strain far1Δ sst2Δ cen-pFIG1-GFP (PPY641) which only had the Ste2 
receptor, was stimulated with saturating α-Factor and increasing concentrations of 
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nonanal. Figure 3.11 shows the changes in the GFP fluorescence levels of this strain for 
different ligand combinations. 
 
Figure 3.11. Changes in fluorescence Intensity of PPY641 (far1Δ sst2Δ strain carrying cen-pFIG1-GFP) on 
adding different nonanal concentrations with 100nM α-Factor. All experiments were done in triplicate. 
Shown in the figure are the means with the standard deviations. 
 
  Adding increasing amounts of nonanal in presence of saturating α-Factor in the 
W303 far1Δ sst2Δ strain transformed with cen-PFIG1-GFP (PPY641) was seen to also lead 
to a substantial decrease in GFP fluorescence. This showed that there was interaction of 
nonanal with the α-Factor or the Ste2 receptor that resulted in decrease of the 
fluorescence intensity levels. 
 
3.6 Chemical Toxicity 
The toxicity of the ligand may also play a role towards this decrease of GFP 
stimulation in Figure 3.10. With this in mind, the toxicity of nonanal was tested at two 
different concentrations, 250µM and 1000µM (Fig. 3.12). 
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Figure 3.12. Toxicity Assay of PPY140 (W303 far1Δ sst2Δ ste2Δ) strain. Growth curves of PPY140 
treated with nonanal at 0.25mM and 1mM are shown. All experiments were done in triplicate. Shown in the 
figure are the means with the standard deviations. 
 
The control in the toxicity experiment was cells with 1% DMSO, as DMSO was 
used to dissolve nonanal in the experiments. The growth rates of the cells and cells with 
DMSO added at 1% (v/v) are not statistically significant. Also, it is evident that nonanal 
is highly toxic at 1mM with almost no cell growth over a 24 hour period. Even at 250µM 
concentration, nonanal is able to reduce the cell growth with a much longer lag phase. 
However, it is important to note that the effects of toxicity are seen after at least 6 hours 
(Fig. 3.12) whereas our measurements after ligand induction are completed in 4 hours 








CONCLUSIONS AND FUTURE SCOPE 
 
In this work, the heterologous human OR1G1 receptor was expressed in the yeast 
S. cerevisiae. The reporter system for the sensor was first optimized by a comparative 
study between the PFUS1 and PFIG1 promoters using GFP as the reporter. It was concluded 
that while PFUS1 is stronger, its high activity even under the absence of any inducer makes 
it unsuitable as the promoter of choice in sensing systems. The expression conditions for 
the OR1G1 receptor were optimized in yeast. It was seen that decreasing the temperature 
down to 15°C leads to the receptor’s functional expression, evident from the increased 
fluorescence from the downstream GFP reporter gene. Dose dependent ligand stimulation 
experiments were carried out in yeast strains expressing the OR1G1 receptor. It was 
observed that amongst the tested ligands, octanol, nonanol, decanol, nonanal, decanal, 
dodecanal, nonanoic acid and decanoic acid were sensed by the OR1G1 receptor. Various 
characteristics of the sensor towards these ligands such as the sensitivity, Km, and 
dynamic range were evaluated by individually fitting the experimental data to the Hill 
Equation. The fold increase in signal after activation for these ligands were evaluated 
leading to the conclusion that decanoic acid and nonanal were the two best stimulants for 
this receptor in yeast. Next, a successful substitution of the endogenous transcription 
factor Ste12 was demonstrated by an engineered eukaryotic transcription factor STF1. It 
was shown that STF1 could transmit the signal through the mating pathway, though with 
lesser efficiency than Ste12. Finally, it was shown that both the Ste2 and OR1G1 
 40 
receptors can function in the same yeast cell and respond to their respective ligands. Such 
a cell was able to respond to the ligands and also sensed various combinations of them, 
thus being the first demonstration of an OR gate in yeast using olfactory receptors. A 
non-additive, non-linear dynamics was observed for the OR gate with addition of nonanal 
having a detrimental effect on the GFP fluorescence intensity in presence of saturating α-
Factor. This results from the complex interactions between the two receptors, their 
ligands and their common signaling pathway. Even in a yeast strain with no OR1G1 
receptor, adding increasing amounts of nonanal led to a decrease in the GFP fluorescence 
in presence of saturating α-Factor concentration. This implied nonanal had some 
interaction with the α-Factor ligand or the Ste2 receptor that contributed to this decrease.  
In conclusion, developing new biosensors for chemicals is an important area of 
research in synthetic biology. Sensors that can respond to changing levels of heterologous 
metabolites can not only give an analytical readout of the amount of ligand present but 
can be utilized to modulate cellular gene expression levels. Functionally expressing a 
receptor like OR1G1, which can sense a variety of industrially useful chemicals like 
decanoic acid and nonanal, is an important step in that direction. Yeast is now being used 
to produce a number of these useful chemicals in vivo. One can envision a positive 
feedback loop in yeast using the OR1G1 receptor. If yeast cells with the OR1G1 receptor 
are metabolically engineered to produce one of the ligands it can now sense, higher 
production may be feasible if the downstream reporter gene GFP is replaced by an 
important production gene in the pathway Other types of logic circuits like NOR, NAND 
and AND gates along with their various combinations have the potential to construct 











Table A.1 Table of Plasmids 
 Name Description Reference 
Plasmids    
pESC-Leu2 PPY39 
Yeast shuttle vector with Leu2 














GFP was cloned under PFUS1 
promoter 
Kuntal Mukherjee 
pESC-Leu2-PFIG1-GFP PPY97 GFP was cloned under PFIG1 promoter Kuntal Mukherjee 
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pESC-His3 PPY34 
Yeast shuttle vector with His3 marker 














GFP was cloned under PFUS1 
promoter in centromeric plasmid 
Kuntal Mukherjee 
cen-Leu2-PFIG1-GFP PPY586 
GFP was cloned under PFIG1 promoter 





STF1 was cloned under PADH1 





GFP was cloned under  an engineered 
promoter containing 5 Gal4 DNA 




Table A.2 Table of Strains 
Strains Name Description Reference 
W303 PPY11 
MATa,leu2-3,112 trp1-1 can1-100 
ura3-1 ade2-1 his3-11,15 
ATCC® 20835 
far1Δ PPY62 W303, far1Δ Kuntal Mukherjee 
far1Δ, sst2Δ PPY58 W303, far1Δ sst2Δ Kuntal Mukherjee 
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far1Δ, sst2Δ, ste2Δ PPY140 W303, far1Δ sst2Δ ste2Δ Kuntal Mukherjee 
far1Δ, sst2Δ, ste2Δ, 
ste12Δ 
PPY161 W303, far1Δ  sst2Δ ste2Δ ste12Δ Kuntal Mukherjee 
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